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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
In the future, the energy supply will strongly fluctuate, which results in more frequently load cycles. For this reason, it is
necessary to analyse fatigue crack growth under the aspect of reasonable load cases in relevant components not only under linear 
elastic, but also under elastic-plastic material behaviour. To obtain feasible results, it is necessary to explain the stress-strain-
relation of the used material correctly. Therefore, the Chaboche and the Ohno-Wang model are evaluated. The first step was to 
determine model parameters based on results from cyclic tensile tests for an exemplary temperature of T = 400°C. Those 
parameters were verified in FE-simulations with ABAQUS. For strain-controlled simulations the determined parameters of the 
Chaboche and Ohno-Wang model result in small deviations between numerical and experimental stresses. Next to strain-
controlled, stress-controlled simulations were performed. Although the Chaboche model is adapted for strain-controlled 
simulations, ratchetting behaviour is not well mapped by this model. Alternatively, usage of the Ohno-Wang model leads to a
good simulation of ratchetting behaviour.
For calculating J-Integrals of cracked components of power plants afterwards, a study of different crack shapes in different
simple models is performed. Results are analysed and compared in respect of the influence of different material parameters and
mechanical material mechanisms.
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1 Introduction
In future, renewable energies shall surrogate fossil power stations. It results in different load cases and more 
loading cycles than it was considered, when power plants were constructed. For this reason, it is necessary to 
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examine crack growth in relevant components. Next to linear elastic crack growth simulations, elastic-plastic 
simulations are important to guarantee conservatism of the results. In this work, the examined elastic-plastic 
material models are the Chaboche and the Ohno-Wang model. The capability of the Ohno-Wang model to simulate
ratchetting behaviour more correctly than the Chaboche model, is described in Chen et al. (2005); Lu et al. (2011); 
Rahman (2006). In Zhao et al. (2004) ratchetting strain has been defined as strain similar to maximum principal 
strain. Its development has been noticed near the crack tip (see Cornet et al. (2009); Tong et al. (2016); Tong et al. 
(2013); Zhao et al. (2008); Zhao et al. (2004)). For this behaviour their examinations show a weak dependence of 
the crack shape and an independence of the specimen geometry (Tong et al. (2016)). Moreover, in Tong et al. (2016)
the hypothesis is made that crack growth starts, when ratchetting strains exceed a critical value in a characteristic 
distance to the crack tip. It shows the importance of describing ratchetting behaviour well. In addition, this work 
shall analyse the influence of ratchetting simulations on the J-integral to evaluate the usage of different material 
models and parameters.
Because thermal loading on power plant components is not only steady state, it is also important to analyse both 
material models regarding to thermal applications, while using ABAQUS.   
2 Description of the material behaviour
The parameter identification is based on stress-strain-curves from uniaxial cyclic experiments at a temperature of 
T = 400°C for X20CrMoV12-1. Kinematic hardening parameters were extracted from a single hysteresis of strain-
controlled tests with a maximum strain of εa = 1.2 %, while isotropic parameters were identified by a certain number 
of cycles. To determine ratchetting parameters, stress-controlled experiments were performed. 
2.1 Parameter identification
The Chaboche model is based on Armstrong et al. (1966). To describe non-linear material behaviour, the Prager
rule 
?̇?𝑿𝑿𝑿 = 23𝐶𝐶𝐶𝐶 · ?̇?𝜺𝜺𝜺𝐩𝐩𝐩𝐩 − 𝛾𝛾𝛾𝛾 · 𝑿𝑿𝑿𝑿 · 𝜀𝜀𝜀𝜀ṗla ( 1 )
is used as a recall term, where C and γ are material dependent coefficients. Each kinematic Prager rule 
?̇?𝑿𝑿𝑿𝐢𝐢𝐢𝐢 = 23𝐶𝐶𝐶𝐶i · ?̇?𝜺𝜺𝜺𝐩𝐩𝐩𝐩 − 𝛾𝛾𝛾𝛾i · 𝑿𝑿𝑿𝑿𝐢𝐢𝐢𝐢 · 𝜀𝜀𝜀𝜀ṗla ( 2 )
describes one back stress, where i is the control variable. Superpositioning them leads to the Chaboche model 
(Chaboche (1986); Chaboche et al. )
𝑿𝑿𝑿𝑿 = �𝑿𝑿𝑿𝑿𝐢𝐢𝐢𝐢𝑀𝑀𝑀𝑀
𝑖𝑖𝑖𝑖=1
( 3 ).
The identification of the model parameters was made according to Bari et al. (2000). Three back stresses were 
used, where the third one is linear. The optimization problem to determine various parameter sets was solved by the 
MATLAB function fminsearch, using equations ( 4 ) - ( 7 ) and variations of starting points and yield stresses. 
𝜎𝜎𝜎𝜎 = �𝑋𝑋𝑋𝑋i + 𝜎𝜎𝜎𝜎F3
𝑖𝑖𝑖𝑖=1
( 4 )
𝜎𝜎𝜎𝜎 = 𝐶𝐶𝐶𝐶1
𝛾𝛾𝛾𝛾1
+ 𝐶𝐶𝐶𝐶2
𝛾𝛾𝛾𝛾2
+ 𝐶𝐶𝐶𝐶3
𝛾𝛾𝛾𝛾3
· �𝜀𝜀𝜀𝜀pl + 𝜀𝜀𝜀𝜀pla� + 𝜎𝜎𝜎𝜎F ( 5 )
𝑋𝑋𝑋𝑋i = 𝐶𝐶𝐶𝐶i𝛾𝛾𝛾𝛾i · �1 − 2 · 𝑒𝑒𝑒𝑒−𝛾𝛾𝛾𝛾i�𝜀𝜀𝜀𝜀pl+𝜀𝜀𝜀𝜀pla��, for i = 1 and 2 ( 6 )
𝑋𝑋𝑋𝑋3 = 𝐶𝐶𝐶𝐶3 · 𝜀𝜀𝜀𝜀pl ( 7 )
The parameter C3 is consistent with the slope in the last linear part of the hysteresis curve.
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The analytical description, using the parameter set listed in Table 1, is shown in Fig. 1a). Although simulated 
stress-strain-curves of all determined parameter sets map experimental data well, stress-controlled simulations of 
some sets lead to a constant course of strain amplitudes over number of cycles. That means that ratchetting is not 
mapped. The presented parameters are the only set, which simulate non-constant ratchetting. This shows the 
dependency of the yield stress and the starting points, while using the described determination routine.
Table 1: Identified kinematic hardening parameters of the Chaboche model
σF [N/mm2] C1 [N/mm2] γ1 [ ] C2 [N/mm2] γ2 [ ] C3 [N/mm2]
100 3,443,401 16,529 73,031 529 6,360
To determine isotropic hardening parameters with an optimization tool,
𝑅𝑅𝑅𝑅 = 𝑄𝑄𝑄𝑄 · (1 − 𝑒𝑒𝑒𝑒−𝑏𝑏𝑏𝑏·𝜀𝜀𝜀𝜀pl,akk) ( 8 )
was used (Chaboche (1986)). Q is the asymptotic value of the isotropic variable R, which depends on the 
accumulated plastic strain εpl,akk. b characterizes the exponential material behaviour. In case of X20CrMoV12-1, 
uniaxial cyclic loading leads to an isotropic softening. For this reason, the identified Q has a negative value
of -69.45 N/mm2. The parameter b amounts to the value 1.21.
The second investigated material model is the Ohno-Wang approach. It differs from the Chaboche model in the 
definition of the weight function. Both of them result in a linearization of the hardening rule, but in the Ohno-Wang 
model the asymptote of the stress-strain-curve does not relocate. For that reason, the approximation of the stress-
strain-curve becomes more independent of the weight function. It leads to the computation of ratchetting as a result 
of plastic strains, although loading amplitudes are small (Döring (2006)). The parameter was accomplished with 
regard to Döring (2006). The first step to identify the parameters for five back stresses was to select six sampling 
points from experimental data considering Masing behaviour (see Fig. 1b)). From the slopes between the sampling 
points the parameters C1-5 and γ1-5 were determined analytically. The results are shown in Table 2 and Fig. 1b).
Table 2: Identified parameters of the Ohno-Wang model
i Ci [N/mm2] γi [ ]
1 1,867 79
2 517 36
3 278 21
4 189 17
5 101 46
     
Fig. 1: Experimental and analytical stress-strain-curves using identified parameters of (a) Chaboche model and (b) Ohno-Wang model
a) b)
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2.2 Numerical parameter validation in ABAQUS
After their determination, the Chaboche-parameters were verified by a numerical simulation using ABAQUS. 
Therefore, strains from experimental data were applied to a plane rectangle. Fig. 2a) shows good mappings between 
the simulated stress-strain-curve and the experimental data. Next to kinematic parameters, isotropic parameters were 
used. In contrast to the simulation using only kinematic hardening parameters, the combination with isotropic 
parameters maps the cyclic softening material behaviour (see Fig. 2c)). After strain-controlled simulations, the 
stress-controlled experiment was verified in ABAQUS. It was also used to identify the parameter γ3 iteratively. 
Different values between 0 and 60 were tested to simulate the experimental strain amplitude εmax versus number of 
cycles N. None of them is well-suited for describing the stress-controlled material behaviour (see Fig. 2b)). The best 
mapping follows from γ3 = 0, which stands for a linear ratchetting behaviour. Furthermore, the combination with 
isotropic parameters results in higher strain amplitudes for identical value for γ3. Another effect of isotropic 
parameters is a parabolic shape of the εmax-N-curve (Fig. 2d)). Hence, the higher the number of cycles is, the larger 
the deviations between the experimental and the simulated ratchetting curve under usage of those parameters are.   
Fig. 2: Parameter verification of the Chaboche model by comparison of experimental and numerical results of (a) strain-controlled and (b) 
stress-controlled simulation; influence of isotropic parameters on (c) maximum stresses of strain-controlled simulations and (d) 
ratchetting behaviour
Similar to the Chaboche parameters, the Ohno-Wang parameters were verified using an UMAT-routine
programmed by Döring (2006). Next to model parameters, the material parameters E = 1.45·105 N/mm2, μ = 0.3 and 
σF = 250 N/mm2 were used for the computation. The simulated stress-strain-curve also maps the experimental curve 
well (see Fig. 3a)). In the Ohno-Wang model, the parameter that describes ratchetting behaviour, is κ. Stress-
controlled simulations were performed with different values shown in Fig. 3b). The higher κ is, the lower is the 
a) b)
c) d)
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slope of the εmax-N-curve. κ = 6 yields the best mapping. Compared with the Chaboche model, the Ohno-Wang 
model reproduces the experimental starting point of εmax-N-curve better. It can be seen that κ results in different 
ratchetting curves, according to whether plane strain (EVZ) or plane stress (ESZ) elements are used. EVZ-elements 
cause a lower slope than ESZ-elements. It is recommended to determine ratchetting parameters under usage of three 
dimensional elements.
Fig. 3: Verification of parameters of the Ohno-Wang model by comparison of experimental and numerical results of (a) strain-controlled and 
(b) stress-controlled simulations
2.3 Comparison of the Chaboche and Ohno-Wang model
A comparison of both material models shows that each of them is able to describe stress-strain-behaviour under 
strain-controlled loading. An advantage of the Chaboche model is its implementation in ABAQUS. So temperature
dependent material parameters can be used to simulate transient thermal loadings. In addition, a combination with 
isotropic parameters is possible. The usage of these features in the Ohno-Wang model requires their implementation 
in an UMAT. On the downside, it is simpler to determine parameters of the Ohno-Wang model, because there is no 
dependence of starting points. Moreover, using the correct yield stress for the parameter identification results in a 
worse description of the stress-strain-behaviour by the Chaboche model. But, the most important difference between 
both models is the capability to map the material behaviour under stress-controlled cyclic loading. While the Ohno-
Wang model is able to describe ratchetting behaviour, the Chaboche model overestimates it (see also Chen et al. 
(2005); Lu et al. (2011); Rahman (2006)).
After validating the parameters on plane models, three dimensional elements were used. For both material 
models, two and three dimensional simulations using the identified parameters result in the same stress-strain-
curves, that are shown in Fig. 2a) and Fig. 3a).  
3 Cracking behaviour depending on the material model
The influence of material parameters on cracking behaviour was considered. Therefore, two and three 
dimensional cracked models with a crack depth of 3 mm were considered with a tensile stress of 100 N/mm2. To 
make a statement about crack loading, the J-Integral was determined over five contours around the crack tip, where 
the element size is 0.02 mm.  All models have the same width of 8 mm and a height of 12.5 mm. 
3.1 Analysis of a plane rectangular model
Fig. 4 shows the trends of J versus the contour, which results from modifying different parameters. The most 
conspicuous point is that the usage of the Chaboche model effects higher values for the J-integral than the Ohno-
Wang model. It can be justified with the different starting strain of the εmax-N-curve of the strain-controlled 
simulation, explained in chapter 2.3, which shows the relevance of describing ratchetting behaviour well. Using
plane strain elements (EVZ), the deviation between the results of the Chaboche and the Ohno-Wang model for the 
a) b)
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The influence of material parameters on cracking behaviour was considered. Therefore, two and three 
dimensional cracked models with a crack depth of 3 mm were considered with a tensile stress of 100 N/mm2. To 
make a statement about crack loading, the J-Integral was determined over five contours around the crack tip, where 
the element size is 0.02 mm.  All models have the same width of 8 mm and a height of 12.5 mm. 
3.1 Analysis of a plane rectangular model
Fig. 4 shows the trends of J versus the contour, which results from modifying different parameters. The most 
conspicuous point is that the usage of the Chaboche model effects higher values for the J-integral than the Ohno-
Wang model. It can be justified with the different starting strain of the εmax-N-curve of the strain-controlled 
simulation, explained in chapter 2.3, which shows the relevance of describing ratchetting behaviour well. Using
plane strain elements (EVZ), the deviation between the results of the Chaboche and the Ohno-Wang model for the 
a) b)
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fifth contour is with about 25% smaller than under plane stress elements (ESZ) with about more than 100%. It 
accentuates the importance of choosing the correct element type for respective plane simulations. Next to it, the 
Chaboche model shows better convergence behaviour, especially under the usage of a quadratic approach.
Using elements with a quadratic approach, no problems occur while simulating with the Chaboche model, but the 
Ohno-Wang model results in numerical difficulties. Using a full instead of a reduced integration, convergence 
problems disappeared, but the simulation is completed before finishing all time points at high loading. Optimizing 
the subroutine to a more robust simulation is desirable, to take more advantage from the better material description 
of the Ohno-Wang model.   
Fig. 4: Numerical results of the J-integral over the number of contours for (a) the Chaboche model  and (b) the Ohno-Wang model using plane 
stress (ESZ) and plane strain elements (EVZ) with linear (-) and quadratic (o) approaches
The influence of the ratchetting parameter can also be evaluated by comparing results of the Ohno-Wang model 
for the fifth contour under the usage of κ = 0.5 and κ = 6 (Table 3). The influence of this parameter depends on the 
element type. While choosing plane strain elements, the variation of κ causes a slight alteration of the J-integral. In 
contrast, plane stress elements end in a 20 % larger value for κ = 0.5 in comparison to κ = 6.  The difference of the J-
integral for κ = 6 between EVZ and ESZ can be explained with the difference of the starting strain of stress-
controlled simulations without cracks. 
Table 3: Comparison of J-integral using the Ohno-Wang model between κ = 0.5 and κ = 6 for plane strain (EVZ) and plane stress elements (ESZ)
JEVZ [N/mm] JESZ [N/mm]
κ = 0.5 κ = 6 κ = 0.5 κ = 6
1.97712 1.95988 1.58544 1.32497
                               
Regarding the influence of isotropic parameters, a comparison of the last contour’s J-integral shows a 
dependence of the element type (see Table 4). Using EVZ elements results in small deviations of the J-integral 
between the application of isotropic parameters and only using kinematic parameters. In comparison ESZ elements 
lead to deviations of about 16 % between both variations. On the one hand, this connectivity between deviation and 
element type is similar for the Chaboche and the Ohno-Wang model. On the other hand, EVZ elements cause larger 
values for the J-integral than ESZ elements using the Ohno-Wang model, while simulations using the Chaboche 
model result in opposite behaviour. 
Table 4: Examination of J-integral using the Chaboche model with and without isotropic parameters for plane strain and plane stress elements 
JEVZ [N/mm] JESZ [N/mm]
With isotropic 
parameters
Without isotropic 
parameters
With isotropic 
parameters
Without isotropic 
parameters
2.4803 2.46297 3.05147 2.62644
a) b)
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3.2 Analysis of three dimensional models
After simulating a simple plane model, three dimensional objects where verified. For each geometry, the 
deviations of J-integral between the Chaboche and the Ohno-Wang model are shown in Table 5. To examine, if 
crack or component geometry leads to more numerical difficulties, different variations of both were analysed. The 
first one is a cuboid, with a straight and a semi-elliptical crack front (a/c = 0.75). The comparison of the plane model 
(EVZ) and the cuboid with linear crack front shows with about 20 % a similar deviation between results of 
Chaboche and Ohno-Wang model. The interpretation of J-integral for the cuboids with semi-elliptical cracks shows 
for the vertex of the crack analogies to previous results. Deviations of J on surface points grow to twice as much
than deviations of linear crack front.
The next step was to use a more complex model geometry. Therefore, a pipe (inner radius ri = 20 mm) with a 
circumferential crack was simulated under tensile loading (see Fig. 5a)). Both material models allowed simulations 
without numerical difficulties. Between both material models, the order of deviation of the J-integral is similar to 
plane and cuboid simulations at the vertex of the crack. The next enhancement of complexity was to change the 
model geometry to a hollow sphere (ri = 20 mm) with an inner circumferential crack (Fig. 5b)) and a semi-elliptical 
crack (a/c = 0,5) (Fig. 5c)) afterwards. Simulations under pressure on the inner surface and the crack front have 
completed without errors.
             
Fig. 5: Numerical model of a (a) pipe with a circumferential crack under tensile loading, (b) a hollow sphere with a circumferential crack under 
internal pressure (red surface) and (c) a hollow sphere with a semi-elliptical crack under internal pressure
Table 5: Deviation of J-integral between results of Chaboche and Ohno-Wang model for two and three dimensional models
2D model 3D model
ESZ EVZ Cuboid
linear
Cuboid 
semi-elliptical
Pipe Hollow sphere 
circumferential
Hollow sphere
semi-elliptical
Deviation
J-integral
98 %
 
25 %
 
21 %
 
27 % / 41 %
vertex /surface point
22 %
 
18 %
 
17 % / 8 %
vertex /surface point
4 Conclusion and outlook
For a later analysing cracking behaviour in power plant components under thermal loading, elastic-plastic 
material behaviour was examined by taking the example of the Chaboche and Ohno-Wang model. Determined 
parameters for both of them result in good strain-controlled numerical mappings of experimental data. Although 
isotropic parameters in the Chaboche model have a positive effect on these simulations, ratchetting behaviour is 
better described by the Ohno-Wang model. Crack simulations have shown higher values and better convergence 
behaviour of J-integral using Chaboche than using Ohno-Wang model. Moreover, results of plane models depend on 
the element type, so it is important to know whether plane strain or plane stress elements have to be used for 
respective application. The deviation of J-integral between both material models of about twenty percent is present 
for two dimensional as well as three dimensional geometries. 
In the future, the influence of ratchetting behaviour on cracking will be examined by simulating several cycles. It 
should be tested, whether there are systematics between model deviations of the J-integral and deviations between 
a) b) c)
Crack front Crack front
Crack front
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experimental and numerical ratchetting curves using Chaboche model. A description of such systematics allows the 
usage of the Chaboche model to compute reasonable J-integrals, although ratchetting behaviour is not well mapped 
by this material model. If there are no systematics recognizable, the subroutine describing the Ohno-Wang model 
will be edited to simulate transient thermal loading, because of the property to map material behaviour better.
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3.2 Analysis of three dimensional models
After simulating a simple plane model, three dimensional objects where verified. For each geometry, the 
deviations of J-integral between the Chaboche and the Ohno-Wang model are shown in Table 5. To examine, if 
crack or component geometry leads to more numerical difficulties, different variations of both were analysed. The 
first one is a cuboid, with a straight and a semi-elliptical crack front (a/c = 0.75). The comparison of the plane model 
(EVZ) and the cuboid with linear crack front shows with about 20 % a similar deviation between results of 
Chaboche and Ohno-Wang model. The interpretation of J-integral for the cuboids with semi-elliptical cracks shows 
for the vertex of the crack analogies to previous results. Deviations of J on surface points grow to twice as much
than deviations of linear crack front.
The next step was to use a more complex model geometry. Therefore, a pipe (inner radius ri = 20 mm) with a 
circumferential crack was simulated under tensile loading (see Fig. 5a)). Both material models allowed simulations 
without numerical difficulties. Between both material models, the order of deviation of the J-integral is similar to 
plane and cuboid simulations at the vertex of the crack. The next enhancement of complexity was to change the 
model geometry to a hollow sphere (ri = 20 mm) with an inner circumferential crack (Fig. 5b)) and a semi-elliptical 
crack (a/c = 0,5) (Fig. 5c)) afterwards. Simulations under pressure on the inner surface and the crack front have 
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parameters for both of them result in good strain-controlled numerical mappings of experimental data. Although 
isotropic parameters in the Chaboche model have a positive effect on these simulations, ratchetting behaviour is 
better described by the Ohno-Wang model. Crack simulations have shown higher values and better convergence 
behaviour of J-integral using Chaboche than using Ohno-Wang model. Moreover, results of plane models depend on 
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experimental and numerical ratchetting curves using Chaboche model. A description of such systematics allows the 
usage of the Chaboche model to compute reasonable J-integrals, although ratchetting behaviour is not well mapped 
by this material model. If there are no systematics recognizable, the subroutine describing the Ohno-Wang model 
will be edited to simulate transient thermal loading, because of the property to map material behaviour better.
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